Starting with the analysis on sound pressure level (SPL) spectrum of surface-mounted permanent magnet synchronous motors (SMPMSMs), the reasons for producing main peaks are investigated. According to different causes, different methods for reducing noise are proposed. Firstly, the SPL spectrum of SMPMSMs is obtained by experiment under the conditions of 2000 rpm rated speed, full load and 4 kHz switching frequency. Meanwhile, the frequencies corresponding to main peaks are found out. Secondly, the reasons for generating peaks in the SPL spectrum are researched from three aspects, namely, force sources, natural frequencies, coefficient of relative sound intensity. Then, on the basis of different causes for generating noise, different measures for decreasing noise are presented, namely, single cutting of two end rabbets of motor case in single clamping, waveform reconstruction of radial electromagnetic force density, enhancing of switching frequency, changing of natural frequency and decreasing of the lengthdiameter ratio of stator. Furthermore, the effectiveness for these methods is studied. Finally, a comprehensive method is proposed to decrease noise. The noise value of SMPMSMs is reduced by 4.7 dB(A) at the rated speed of 2000 rpm, full load and switching frequency of 4 kHz. In addition, the sharpness and loudness are respectively decreased by 0.522 acum and 6.97 sone at no load. The study provides references for the design of SMPMSMs with low noise.
Introduction
As compared to other motors, due to their high-power density, good dynamic performance and high energy conversion efficiency, surface-mounted permanent magnet synchronous motors (SMPMSMs) have been more and more widely used in many fields, such as home appliances, machine tools, automobile, military and other fields [1, 2] . However, SMPMSMs will generate noise during their operation, which can affect their application areas. Therefore, noise generating reasons and noise reducing methods for SMPMSMs should be analyzed.
Noise reduction has always been one of the main contents of SMPMSMs research. The noise producing reasons for motors are classified by mechanical causes, aerodynamic causes and electro-magnetic causes. The mechanical causes include uneven mass distribution within the rotor, motor balancing, bearing defect and so on. The aerodynamic causes cover the fan rotation, rotor rotation and so on. The electro-magnetic causes include an unbalance of electric source, the harmonic components of phase current, an unbalance of air-gap and etc. [3] . Many experts and scholars carried out extensive research and obtained certain achievements. Lipo T. A. et al. [4, 5] analyzed the influence of radial electromagnetic force on the electromagnetic noise of a permanent-magnet synchronous motor (PMSM). Zhu Ziqiang, professor of the University of Sheffield, proved that the radial electromagnetic force acting on the stator surface and various order modes of stator structure were two key reasons for the electromagnetic noise of PMSM [6] . Tang Renyuan, academician, et al. [7, 8] investigated the influence of power supply by inverter, rotating frequency and coefficient of relative sound intensity on noise of motors. Huang Surong, professor, and other scholars presented a method with coupling of electromagnetism and structure to predict and discuss noise of motors [9, 10] . According to [8] , the unbalanced magnetic pull produced by rotor whirling was analyzed using the theory and experiment which can cause noise. However, the above literatures only describe the methods for predicting noise and the causes of noise generation, the effective measures for denoising are not proposed. This paper investigates the reasons of noise generation for SMPMSMs and the measures for noise reduction of SMPMSMs. A surface-mounted permanent magnet synchronous motor (SMPMSM) with 36 slots and 8 poles is taken as an example in this paper. The causes for producing main peaks of SPL spectrum are studied from three aspects, namely, force sources (rotating frequency, radial electromagnetic force, switching frequency), natural frequency of stator structure and coefficient of relative sound intensity. In the light of different reasons for producing main peaks, different methods for noise reduction are presented, those are single cutting of two end rabbets of motor case in single clamping which can increase concentricity, waveform reconstruction of radial electromagnetic force density that can reduce the power spectrum peaks of radial electromagnetic force density, changing the switching frequency of inverter and natural frequency of stator structure for the sake of avoiding resonance, decreasing the length-diameter ratio of stator in order to get a lower coefficient of relative sound intensity.
The remaining of this paper is organized as follows. Section 2 briefly presents the characteristics of SMPMSM. Section 3 shows the experimental methodology with details of natural frequency test and noise test. Section 4 explains the reasons for generating noise of SMPMSM from three aspects and describes the methods of noise reduction on the basis of these causes. Section 5 gives a comprehensive method of noise reduction, and this method combines the measures presented in Section 4. This section also analyzes the sharpness and loudness of SMPMSM. The conclusions are depicted in the last section.
Characteristics of SMPMSM
The motor used in this paper is a SMPMSM with 8 poles and 36 slots. The cross-section view is illustrated in Fig. 1 . The permanent magnets are NdFeB with N35UH, and the soft magnetic material of stator core and rotor core is the non-oriented silicon steel DW470-50. The rotating shaft material is No. 45 steel. The structural parameters are shown in Table 1 . 
Experimental methodology
In order to describe the causes of noise production for a SMPMSM, the natural frequencies and noise of SMPMSM should be tested. 
Natural frequency test
The modal testing software of vibration and noise test system 7753 of Danish B&K Company is used to test motor modes through the vibration exciter method in this paper. The modal testing system consists of prototype, signal collector, vibration exciter, signal generator, signal amplifier, accelerometer and computer. The B&K modal testing system is depicted in Fig. 2 . Stator structure (motor case, stator core and windings) is the main carrier of noise emission. Therefore, the natural frequency of stator structure is only analyzed by experiment.
In this paper, the free mode of prototype is studied, so the tested stator structure is hanged in the midair by elastic rope, as shown in Fig. 3 . The experiment adopts the method with one point excitation and multipoint recording response to test the circumferential modes of SMPMSM. Firstly, the simplified model of the tested stator structure is modeled in the B&K Labshop software. Then, the circumference of the measured stator structure is the average set of 81 testing points, as depicted in Fig. 4 . The occurring signal is set as a random signal. Average 100 times vibration is as one step, and each step uses three acceleration transducers to record the signals of 3 testing points. Finally, the frequency response function of each testing point and the established experimental simplified model are imported into the post processing software Reflex of the B&K [11, 12] . Pulse Reflex Modal Analysis software analyzes the measured natural frequency data. Each frequency response function is attached to the corresponding to testing point of the model. When the modes are chosen, Polyference Time is used to extract the modes of each interval. 
Noise test
The noise of SMPMSM is tested through the hemispherical method. Firstly, the sound level meter (B&K2239) is placed at the distance of 1000 mm from the rotating shaft center of motor, 1000 mm from the ground. The angle between the sound level meter and the axial direction of motor is 45 degrees. Then, the noise signals are directly transmitted to the data acquisition system (B&K3050-A-060) through a sound level meter. Meanwhile, the noise values can be directly read by the sound level meter. Finally, all the noise signals are inputted into the computer by the data acquisition system for spectrum analysis. The testing system on vibration and noise of SMPMSM is shown in Fig. 5 , and the testing spot on vibration and noise of SMPMSM is presented in Fig. 6 . The vibration and noise of SMPMSM are tested through the Pulse Labshop software. In addition, the Pulse Reflex Core software analyzes the tested vibration and noise data. The SPL spectra and noise values of prototype at different speeds, loads and switching frequencies are obtained. Furthermore, the signal-to-noise separation is carried out by MatLab to filter the background noise. Table 2 contains the noise values of prototype at different speeds, loads and switching frequencies. From the Table 2 , it can be seen that noise values are larger. Therefore, appropriate measures should be taken to decrease the noise of SMPMSM.
Analysis on noise generating reasons and reducing methods for SMPMSM
In order to decrease the noise of SMPMSM, the reasons of noise generation for SMPMSM should be firstly researched. Fig. 7 is the SPL spectrum of prototype at the rated speed of 2000 rpm, full load and switching frequency of 4 kHz. Table 3 contains the main peaks of SPL spectrum extracted from Fig. 7 . There are many reasons of motor noise generation, such as electromagnetic noise sources, mechanical noise sources and aerodynamic noise sources [13, 14] . In addition, the electromagnetic noise sources are the most important causes of noise generation. Therefore, this section mainly investigates the electromagnetic reasons of noise generation. Firstly, the causes for producing main peaks are investigated from three aspects, namely, force sources, natural frequency and coefficient of relative sound intensity. Then, on the basis of different reasons for producing main peaks, different noise reduction methods are presented.
Force sources
The main force sources related to the producing noise of SMPMSM include rotating frequency, radial electromagnetic force and switching frequency.
Rotating frequency

Influence of rotating frequency on noise
The rated speed of SMPMSM is 2000 rpm, the rotating frequency is:
32 Hz of SPL peaks is caused by rotating frequency ( = 2000/60 = 33.33 Hz); the SPL peak produced by the product (2 × = 2×4×2000/60 = 266.67 Hz) of pole number and rotating frequency is 272 Hz; SPL peak of 432 Hz is generated by the product ( / × = 36/3×2000/60 = 400 Hz) of the number of stator slots corresponding to each phase and rotating frequency; 1200 Hz of SPL peaks is produced by the product ( × = 36×2000/60 = 1200 Hz) of the number of stator slots and rotating frequency. Due to the existence of resolving power for a frequency of SPL spectrum, there is a certain error between the calculated values and measured values.
Influence of single cutting of two end rabbets of motor case in single clamping on noise
The rotating frequency is generated by the eccentricity of rotor bearing journals, misalignment of two end rabbets of motor case and misalignment between rabbets and bearing bores of two ends and so on. In order to decrease the influence of rotating frequency on the noise, the original processing technique should be improved.
In order to reduce the effect of rotating frequency on noise, the method of single cutting of two end rabbets of motor case in single clamping can be adopted. The noise values and SPL spectra of improved motor with applying this method at different speeds, loads and switching frequencies are obtained by experiment. In Fig. 8 , it can be seen that the noise values of improved motor are smaller than those of original motor at half and full loads, different speeds and switching frequency of 4 kHz. In order to better display the advantages in noise reduction of improved motor at half load and full load, Table 4 shows the ratio of improvement in noise reduction with the improved motor as compared to the original motor. From the table, it can be seen that at the rated speed of 2000 rpm, full load and switching frequency of 4 kHz, the noise value is decreased by 4.1 dB(A), the reduction in percentage is about 5.26 % as compared to the one with the original motor. However, the noise values of improved motor are almost the same as those of the original motor at different speeds, no load and switching frequency of 4 kHz, as illustrated in Fig. 8(a) . This is because the electromagnetic force has a little effect on the noise at no load. Therefore, the method of single cutting of two end rabbets of motor case in single clamping can effectively reduce the noise at different speeds, half and full loads and switching frequency of 4 kHz. In order to calculate the radial electromagnetic force acting on the stator surface with a different time, the magnetic field distribution of SMPMSM at a different time must be gained. In general, the effect of the eddy current on the magnetic field is not considered. The model is transformed into a two-dimensional static magnetic field solution when the rotor is located at different places, that is, time-stepping finite element method [15] .
In the process of numerical analysis, rotor needs to be rotated, so the mesh of the stator and rotor needs to be rehandled. In this paper, the motion boundary method is adopted. After calculating, the magnetic force-line distribution of prototype is gained, as illustrated in Fig. 9 . On the basis of the Eq. (2), the radial electromagnetic force density is calculated, and the power spectrum is analyzed by MatLab using Eq. (3) and Eq. (4). Fig. 10 is the radial electromagnetic force density varying with time and its power spectrum of a point at the inner surface of stator when the rotor rotates: 
In order to confirm whether radial electromagnetic force is the cause of noise generation of prototype or not, the peaks of SPL spectra at the rated speed of 2000 rpm, different loads and switching frequency of 4 kHz gained by experiment are compared, as depicted in Table 5 .
From the table, it can be seen that at frequencies from 272 Hz to 2880 Hz, peaks of SPL spectrum at half load are greater than those of no load 1.6 dB(A)-23.2 dB(A); peaks of SPL spectrum at full load are greater than those of half load 2.1 dB(A)-14.9 dB(A); peaks of SPL spectrum at full load are greater than those of no load 3.7 dB(A)-38.1 dB(A). Therefore, the radial electromagnetic force is the main reason of noise generation in this frequency range.
In order to further investigate the influence of radial electromagnetic force on the noise of SMPMSM, according to Eq. (6)-Eq. (13) [16] [17] [18] , the electromagnetic force wave of SMPMSM is analyzed, as shown in Table 6 :
Here, / is fraction in the lowest terms. 
when is odd number, = / :
In the harmonic magnetic field of air gap, it has both the magnetomotive force harmonic magnetic field, and the magnetic guide tooth harmonic magnetic field [19] , that are:
Therefore:
From the table, it can be seen that, the electromagnetic force waves which can cause the noise of SMPMSM are mainly 0-order force wave and 4-order force wave. In some literatures [2, 6] , they give the following formula (Eq. (14)). As described in Eq. (14) , the amplitude of vibration acceleration ( ) is proportional to the amplitude of radial electromagnetic force wave ( ) and is inversely proportional to the fourth power of the force wave order ( ). That is, under the certain stiffness conditions, the lower the order of force waves is, the greater the deformation of stator core is; the bigger the amplitude of the radial electromagnetic force wave is, the greater the deformation of stator core is: 
Influence of waveform reconstruction of radial electromagnetic force density on noise
Through the above analysis, the low order electromagnetic force harmonics should be avoided as far as possible in the design of the motor [20] . In this paper, a method of waveform reconstruction of radial electromagnetic force density is proposed, and it can improve the structure of SMPMSM and reduce the amplitude of lower order harmonics. Firstly, the fast Fourier transform (FFT) of radial electromagnetic force density is carried out by MatLab. Secondly, on the basis of the above analysis, the harmonic components of 266.6 Hz, 1600 Hz, 2133 Hz and 2933 Hz need to be reduced. Then, the inverse Fourier transform is carried out and the reason for generating noise is found out. Finally, by opening a slot in the middle position of the stator tooth, the requirement for reducing power spectrum peaks of the radial electromagnetic force density can be achieved. A comparison on the power spectrum of radial electromagnetic force density before and after improvement is shown in Fig. 11 .
From Fig. 11 , it can be seen that the amplitudes of low order harmonics after improvement are decreased, and thus the noise of SMPMSM will be reduced.
Switching frequency
Influence of switching frequency on noise
When the inverter is used to supply power, a lot of harmonic components related to the switching frequencies are generated in the magnetic field of armature reaction of stator of the SMPMSM. The electromagnetic force harmonics produced by the harmonics interacting with the harmonics of the magnetic field produced by permanent magnets result in higher noise. There is a kind of relationship among frequencies of electromagnetic force harmonics, switching frequencies and fundamental frequency of the motor. The frequencies of electromagnetic force harmonics can be expressed as [7] : Table 7 contains a comparison among modulated switching frequencies by fundamental frequency, simulated peak frequencies of radial electromagnetic force density and measured peak frequencies of SPL. From Table 7 and Fig. 7 , it can be seen that there are many larger peaks in the SPL spectrum in the vicinity of switching frequency and its harmonics. These peaks are generated by resonance produced by modulated switching frequencies by fundamental frequency coinciding with simulated peak frequencies of radial electromagnetic force density. Fig. 12 and Table 2 , it can be seen that under the conditions of the same speed and the same load, the higher the switching frequencies are, the smaller the noise values are. However, the increase of switching frequency will cause the loss of power devices and the influence of voltage dead zone on output waveforms. At the same time, when the switching frequency is increased, the excessive energy loss will be produced and most of the energy will be converted to heat energy. Therefore, under the premise of ensuring the operating performance of SMPMSM, the switching frequencies of inverter can be appropriately enhanced for the sake of noise decrease. 
Influence of natural frequency of stator structure on noise
When the simulated peak frequencies of radial electromagnetic force density of SMPMSM are close to the natural frequencies of SMPMSM, it will produce resonance and then lead to noise generation. In addition, when the modulated switching frequencies by fundamental frequency are close to the natural frequencies of SMPMSM, it will also generate resonance and lead to the noise production. Therefore, the natural frequency of the SMPMSM is one of reasons of noise generation.
According to the modal test (Section 3.1), the vibration mode ( = 2, 3, 4, 5) shapes of stator structure are obtained, as depicted in Fig. 13 . Table 8 contains a comparison among measured natural frequencies of stator structure, modulated switching frequencies by fundamental frequency, simulated peak frequencies of radial electromagnetic force density and measured peak frequencies of SPL. As illustrated in Table 8 , the SPL peak frequencies of 1600 Hz, 2272 Hz, 2880 Hz, 5024 Hz, 5792 Hz, 6128 Hz and 6496 Hz are caused by resonance generated by simulated peak frequencies of radial electromagnetic force density coinciding with measured natural frequencies of stator structure; the SPL peak frequencies of 3328 Hz, 3600 Hz, 3872 Hz, 4128 Hz, 4400 Hz, 4672 Hz, 7200 Hz, 7472 Hz and 7728 Hz are produced by resonance generated by simulated peak frequencies of radial electromagnetic force density consistent with measured natural frequencies of stator structure and modulated switching frequencies by fundamental frequency. Therefore, in order to decrease the noise of SMPMSM, the natural frequencies of stator structure should be not consistent with the simulated peak frequencies of radial electromagnetic force density and modulated switching frequencies by fundamental frequency to avoid resonance.
Influence of wall thickness of stator structure on noise
In order to avoid resonance, the natural frequency of stator structure should be changed. Fig. 14 shows the relationship between the circumferential natural frequencies of stator structure and the wall thickness of stator structure [21] . For the further analysis, the circumferential natural frequencies of stator structure with different wall thickness are divided by the circumferential natural frequencies corresponding to the orders of stator structure with 0.002 m wall thickness. The results are shown in Fig. 15 . From Fig. 15 , it can be seen that the ratio of the circumferential natural frequencies of stator structure with different wall thickness is approximately equal to the ratio of the wall thickness of stator structure. Therefore, the circumferential natural frequencies of stator structure are approximately linearly proportional to its wall thickness. The expression is as follows:
However, with the increase of circumferential modal order, the ratio slightly declines. The method of increasing the wall thickness of stator structure can be applied to change the natural frequencies of stator structure. This method can make the natural frequencies of stator structure not to agree with simulated peak frequencies of radial electromagnetic force density and modulated switching frequencies by fundamental frequency, which can avoid resonance generation and so as to achieve the purpose of noise reduction. The bigger the coefficient of relative sound intensity is, the greater the noise emission is. Therefore, the coefficient of relative sound intensity is one of factors influencing on the noise magnitude of SMPMSM.
The coefficient calculation method for relative sound intensity considering the axial modes is presented [22] , as depicted in Eq. (17) . The relationship among the coefficient of relative sound intensity, length-radius ratio of stator and the order of circumferential and axial modes is analyzed (as shown in Fig. 16 ):
From Fig. 16 , it can be seen that the smaller the length-radius ratio of stator is, the smaller the coefficient of relative sound intensity is. The higher the order of axial and circumferential modes is, the smaller the coefficient of relative sound intensity is. This provides the theoretical basis for determining the size of the SMPMSM with low noise. SHENBO YU, SHUANGSHUANG ZHONG
Method for decreasing coefficient of relative sound intensity
The coefficient of relative sound intensity is related to the modal orders of motor vibration, the effective radius of stator surface and the length-radius ratio of stator. During the design of the motor, the length-radius ratio of stator can be properly reduced, namely, the radius of stator is increased and the length of stator is decreased, but the volume of stator is kept unchanged, so that the coefficient of relative sound intensity of motor is reduced, and then the purpose of noise reduction is achieved.
Comprehensive noise reduction method for SMPMSM
According to the above analysis, a comprehensive method including single cutting of two end rabbets of motor case in single clamping, opening a slot in the middle position of the stator tooth, increasing the wall thickness of stator structure and decreasing the length-radius ratio of stator, is proposed. The noise values and SPL spectra of improved motor with applying the comprehensive method at different speeds, loads and switching frequencies are tested. Fig. 17 and Table 9 contain a comparison on noise values between the original motor and the improved motor with applying the comprehensive method at different speeds, loads and switching frequency of 4 kHz. As displayed in Fig. 17 and Table 9 , noise values of improved motor are smaller than those of original motor at different speeds, loads and switching frequency of 4 kHz. In addition, as compared to the noise value of original motor, at the speed of 1000 rpm, full load and switching frequency of 4 kHz, the noise value is reduced the most, namely, 10.8 dB(A); the relative reduction in percentage of noise value is about 14.86 %. At the rated speed of 2000 rpm, full load and switching frequency of 4 kHz, the noise value is reduced by 4.7 dB(A); the relative reduction in percentage of noise value is about 6.04 %. Fig. 18 shows the comparison on SPL spectra with motor before and after applying the comprehensive method at the rated speed of 2000 rpm, full load and switching frequency of 4 kHz. From Fig. 18 , it can be seen that the number of peak points and peaks on SPL spectrum of improved SMPMSM with applying the comprehensive method are significantly lower than the original motor's one. In order to better describe the influence of applying the comprehensive method on noise of the original motor, the indexes of auditory perception are also tested, namely, the sharpness and loudness of the original motor and the improved motor with applying the comprehensive method at no load are respectively tested, as depicted in Fig. 19 and Fig. 20 . Furthermore, sharpness mainly considers the contribution of the high-frequency energy to the total energy; loudness refers to the intensity of auditory sound of psychological perception. Table 10 shows the comparison on the average values of sharpness and loudness between original motor and improved motor with applying the comprehensive method at no load. From Table 10 , it can be seen that the average values on sharpness and loudness of improved motor with applying the comprehensive method are respectively reduced by 0.522 acum and 6.97 sone as compared to those of original motor. Therefore, applying the comprehensive method can effectively reduce the noise of SMPMSM. 
Conclusions
Through the above analysis on causes for noise generation and application of methods for suppressing noise of SMPMSM, the following conclusions are obtained:
1) The rotating frequency of SMPMSM, and the rotating frequency interaction with stator slots, magnetic poles can cause the noise generation. Applying the method of single cutting of two end rabbets of motor case in single clamping can effectively reduce noise at half and full load, different speeds and switching frequency of 4 kHz. In addition, at the rated speed of 2000 rpm, full load and switching frequency of 4 kHz, the noise value is reduced the most, about 4.1 dB(A); the reduction in percentage is about 5.26 %.
2) The radial electromagnetic force is the main reason of noise generation of low-and-middle frequencies. The MatLab signal processing technology is used to reconstruct radial electromagnetic force density waveform, and then the cause of SMPMSM noise generation is found out. The structure of SMPMSM is improved, namely, opening a slot in the middle position of the stator tooth. Therefore, the power spectrum density corresponding to the frequencies which generate peaks in the SPL spectrum is decreased.
3) When the natural frequencies of stator structure are consistent with peak frequencies of the radial electromagnetic force density and modulated switching frequencies by fundamental frequency, the resonance which causes the noise will be produced. Through enhancing switching frequencies and increasing the wall thickness of stator structure, the resonance can be avoided, and then the noise will be reduced.
4) The coefficient of relative sound intensity has some influence on noise emission. The coefficient of relative sound intensity can be reduced through decreasing the length-radius ratio of stator, so that it can reduce the noise. 5) A comprehensive method including single cutting of two end rabbets of motor case in single clamping, opening a slot in the middle position of the stator tooth, increasing the wall thickness of stator structure and decreasing the length-radius ratio of stator is proposed to reduce noise of SMPMSM. As compared to it of original motor, the noise value at the rated speed of 2000 rpm, full load and switching frequency of 4 kHz is reduced by 4.7 dB(A); the values of loudness and sharpness at no load are respectively reduced by 6.97 sone and 0.522 acum with improved motor.
